Background: Previous results showed that quantitative changes in behavioural accuracies by rats that sustained a "mild" closed head injury were moderately correlated with the total areas (numbers) of anomalous neuronal soma within regions below the impact. Method: Water maze behavioural measures within one day or two months after a single impact of mechanical force over the right dorsal skull, with or without stunning and with or without subsequent pregnancy, were measured and compared to proportions of anomalous neurons under the impact site. Results: The consequences of the impact accommodated about 20% of the variance in the rats' scores for less proficient spatial learning and memory. There were significantly more anomalous cells within right hemisphere below the impact site that were correlated with poorer initial maze learning. Maternal experience reduced the numbers of anomalous cells in the right limbic area only. Conclusion: These results suggest weak mechanical impacts produce changes in histomorphology within some neurons that are still evident two months later and that the presence of these anomalous clusters, corresponding to less than 1% of the cross-sectional area and below the resolution of contemporary MRI in human cases, are strongly correlated with specific behavioural impairments.
Introduction
The recent interest in "concussive" injuries from explosive devices or body impacts during sporting events reflects the intrinsic epidemic of these types of injuries. Disruptions in normal brain functions are common consequences after a closed head injury [1, 2] even without loss of consciousness. In addition to behavioural and emotional alterations [3] , cognitive domains that include learning and memory are often compromised. The magnitude of these cognitive deficits has been considered a function of the severity and location of the cerebral injury. These cognitive alterations strongly influence the individual's probabilities to return to the premorbid status. Although many of these cognitive deficits appear to "resolve" within a year after the trauma, some of these deficits may persist as the postconcussive syndrome in humans for decades [4] [5] [6] [7] .
In many closed head injuries (CHI) or traumatic brain injuries (TBI), prognosis for subsequent adaptability to the same vocational demands is ambiguous. Individuals can appear otherwise normal with no morphological brain defects as inferred by MRI and CT scans. However, these people continue to exhibit various degrees of intermittent amnesia, difficulty in concentration, impaired executive functions, depression, apathy and anxiety [8] that often reflect a continuum of neuroelectrical instability. They are able to perform routine daily tasks well but when presented with novel tasks fail to perform optimally. This has led some observers to suspect the individuals are malingering [7, 9] .
Biomechanical forces applied to the brain by impact of mechanical pressure waves can cause shearing and sometimes tearing of axons in addition to oedema and transient vascular disruptions [8, 10, 11] . Occasionally, diffuse global injury may occur. These biomechanical forces cause neurons to undergo cellular death either through necrosis (acute) or apoptosis (secondary). Necrosis occurs immediately as a consequence of the impact while apoptosis is a delayed programmed cellular death due to metabolic perturbation [12] [13] [14] [15] [16] . Neuronal death can initiate or at least encourage plasticity leading to alterations in neuronal connectivity [17] [18] [19] [20] .
We have found that a single impact of mechanical energy from a 200 gm weight dropped 0.9 m (equivalent to an impact of 15 km/hr) upon the right side of the skull in rats produces disruptions in spatial learning and memory (but not in routine or "procedural" behaviours such as ambulation) even though there was no evidence of "stunning" or loss of consciousness. The calculated force of impact was about 2 N. The amplitude of the pressure wave would have varied between 3 kPa and 20 kPa with a transit time through the brain of about 2 msec to 3 msec.
The impact results in very obvious morphological changes in neurons (even evident to the naïve observer at 40×) within the cerebral cortices immediately below the impact and in the "countercoup" areas within the piriform lobes, amygdala and entorhinal cortices. These neurons, present for more than 60 days after the impact, are darkly-stained with obvious shrunken soma. They are distributed between neurons with normal soma and may comprise 50% of the population within an affected area. Within the limits of conventional histological stains and light microscopy the soma appear to be in a state of dormancy.
To assess the effects of CHI on motivation, visual acuity, learning and memory, mechanical energy was propagated vertically by the weight-drop method through the right hemisphere of female Wistar rats. The rats were tested in a Morris Water Maze (MWM) paradigm. Two protocols of the MWM paradigm were adopted. Firstly, a hidden platform MWM task was used to assess spatial memory [21] 24-hour and a fortnight after the CHI. Secondly, a visible platform MWM task was utilized to test for sensory, motor or motivation problems [22] immediately after the TBI. The hidden platform MWM was different from the visible platform MWM in that the former had extramaze cues around the pool and required a platform be maintained in the same fixed position for the duration of the experiment. The latter had no extramaze cues and involved shifting the platform randomly in all four quadrants in all four trials per session.
In line with our previous findings for the radial maze [23] we hypothesized that CHI relative to sham animals would exhibit spatial memory deficits. Furthermore, we hypothesized CHI animals would loose more body weight than sham animals. Neurons in the hippocampus and related structures are susceptible to mechanically induced injuries [8, 24] . Because the hidden platform MWM is a hippocampal-related task [2, 25] disruptions in the hippocampus or its inputs from the entorhinal cortices should impair spatial memory.
After a CHI or TBI, neurotropic factors and cytokines are released to promote neuronal survival and to stimulate neurogenesis and plasticity in the nervous system [26] [27] [28] . In our (M. A. Persinger, L. S. St-Pierre, S. G. Tiller) 20 years of clinical experience we have encountered several cases where young women who became pregnant after a brain injury showed conspicuously fewer neuropsychological deficits than expected for the energies involved with the impact and the emergency room assessment. We reasoned pregnancy might be neuroprotective because of neuronal proliferations and plasticity seen in discreet parts of pregnant rodents' brains [29] . We hypothesized that rats that had sustained CHIs and then became mothers would show fewer deficits than those that were never mothers.
Methods

Animals
The subjects were 4 -12 months old female albino Wistar rats (N = 74). Each rat weighed between 250 -450 g and was housed singly or in pairs in standard wire cages. The rats had been obtained at 60 days of age from Charles River Breeders (Quebec). The animals had access to food and tap water ad libitum except when their weights were measured every two days and when they were removed for testing in another room containing a custom-built Morris Water Maze. The ambient temperature in the colony was maintained at 20˚C ± 1˚C, and the light: dark cycle was kept at 12:12 with a photophase onset at 07:30 h. All experiments were preformed in the midphotophase period. Animals were maintained and treated according to the Canadian Council for Animal Care (CCAC) guidelines in the ethical treatment of animals and with the approval of the Laurentian University Animal Care Committee. Animals were monitored quailtatively by experienced Animal Care Technicians.
General Procedures
For any given experiment, rats were randomly divided into two conditions-sham and closed head injury (CHI). The procedure of CHI induction has been described elsewhere [23] . Briefly, rats were brought to an experimental room not associated with the experiments. CHI rats were held with forelimbs crossed briefly by one experimenter so the head was resting on a Formica-surface table. A 200 gm weight from an analytical balance was dropped from a height of 0.9 m through a cardboard tube onto their right dorsal skull. The sham animals were just held briefly against the table and had the cardboard tube placed on their right dorsal skull, but no weight was dropped. The entire procedure required about 10 -15 sec. Animals that were stunned or rendered unconscious or immobile for 2 -3 min were ranked as 2. Those stunned for 30-sec or less were ranked as 1. Sham animals as well as the rats that received the blow and showed no stunning received a score of 0. After recovery, as assessed through their righting reflex and normal gait, the animals were returned to their home cages.
Apparatus
All animals were transported in carrying cages to the testing room and tested singly in a hidden platform Morris Water Maze (MWM) paradigm for seven sessions. For the open-platform MWM six sessions were involved. The MWM was a child's swimming pool, measuring 1.5 m in diameter by 0.45 m in height. It was divided into four quadrants by transparent fishing lines. A hidden platform that was a transparent Tupperware (15 cm × 15 cm) filled with opaque black non-toxic water-soluble dye was placed about 0.38 m from the centre of the pool (in the centre of one quadrant-the target quadrant).
The pool was filled with darkly-dyed water until the platform was submerged about 2.5 cm below the surface. Water temperature was maintained at 19˚C. Visual cues were placed on the walls around the pool to aid rats in locating the platform. Each session consisted of four trials with an inter-trial interval of 30-sec. The rats' escape latencies (time to find a hidden platform) were measured for the four trials (each trial lasted for 120-sec) to the nearest second. Rats were allowed to remain on the platform for 30-sec after they found it before they were removed or 120-sec had elapsed. The release schedules, for each session and each trial, were randomized.
All experiments were essentially the same except for the open-platform MWM task and probe tests. The openplatform MWM was used to test the rats' motivation and visual acuity [22] . It utilized the same pool as above. However, the platform was elevated 2.5 cm out of the water. Furthermore, the platform had visible cues (a small paper flag and a Christmas-tree like object placed on opposite sides). After each trial, the rats were removed from the MWM and the platform was moved to a new location in a randomized manner until rats were tested in all four quadrants.
The probe test, completed during the seventh session after the hidden platform MWM task, measured the strength of the rats' spatial memory [30] . The probe test consisted of assessing the rats' spatial memories in the MWM devoid of the platform but with the visible cues left intact. The strength of the rats' spatial memory was inferred from the time spent in the target quadrant (where the hidden platform was maintained for the hidden platform MWM). After each session, the rats were placed under a heating lamp until they dried before being returned to their home cages. In addition, to the MWM performances, body weights for all rats were taken every two days both before and after the CHI (before the start of the sessions) on the weighing days to monitor their health status.
In Experiment 1, 11 rats (CHI = 6, sham = 5) were tested beginning one day after the treatments in the hidden platform MWM for one week. In Experiment 2, 16 rats (CHI = 9, sham = 7) were tested in the hidden platform setting for seven daily sessions two weeks after the treatment. To test visual acuity and motivation [22] in Experiment 3, 12 rats (CHI = 6, sham = 6) were tested 24 hrs after the treatment in the MWM where the platform was visible. In Experiment 4, because of the possible beneficial role of pregnancy in neuronal plasticity [29] , a total of 34 rats (CHI = 17, sham = 17) were selected; 9 of the CHI rats and 9 of the sham rats were immediately placed with males. The other rats were placed with a novel female.
The 34 rats were transferred and housed singly in plastic cages with wood shaving bedding after 19 days. The latency to deliver after first exposure to the male and the numbers of pups delivered were recorded. After parturition, pups were weaned (21 days of age), and the mothers were transferred from plastic cages to standard wire cages. The female rats' spatial memory was assessed in the hidden platform MWM for seven sessions in 4 blocks approximately 50 days after the trauma.
Neurohistology
About 60 days after the impact the brains of eight mothers (four bred, four not bred; two from each being either stunned or not stunned) were removed and fixed in ethanol-formalin-acetic acid for at least 48 hr. After processing and embedding in paraffin, ten more or less equally spaced 10 micrometer sections were obtained between the caudal cerebrum and the level of the anterior commissure. We reasoned that if the neuropathological effects of the impact were consistent and strong the pattern of distribution of neuronal anomalies or any effect from maternal experience should be conspicuous even with a relatively small sample size.
The sections were stained with toluidine blue O. Each section was examined thoroughly at 40×, 100×, and 400× by light microscopy. Neurons that displayed shrunken soma appeared in discrete clusters (about 3 to 6 distributed amongst a similar number of neurons with normal soma per 0.026 mm 2 ) within specific areas (Figure 1 ). The numbers of squares (0.026 mm 2 at 100×) containing the anomalous cells within a grid of 36 squares were counted. The areas that displayed these criteria included the dorsal (parietal, occipital, frontal and retrosplenial) cortices, and the amygdala, entorhinal cortices, piriform cortices, endopiriform area, and the temporal cortices. The sum of the areas containing aberrant neuronal morphology was calculated by computer for each of these areas for the left and right side of the brain for each section separately. For the purposes of statistical analyses, the mean of the sum of squares containing clusters of aberrant neurons in the dorsal cortices (near the impact sight) and within the other (lower) regions were calculated as well for all 10 sections.
Statistical Analyses
All analyses involved SPSS software on a Vax 4000 computer. Post hoc tests were Tukey's for main effects and paired t tests for repeated measures. The body weights were transformed to percentage relative differences ( ) post-CHI pre-CHI pre-CHI 100 − ×     to accommodate individual differences. The effect size (η 2 ) was included. It is defined as the amount of variance in the dependent variables explained by the independent variables.
Results
Body Weight
Weight losses by CHI rats compared to controls were apparent for the days after the treatments but were no longer apparent two weeks after the treatment or after weaning of offspring for the maternal study. For Experi- 
Maze Performance
In addition to the expected trial and days differences, the only relevant interaction [F(15,120) = 2.53, p < 0.05, η 2 = 24%] was between conditions, days, and trials. Post hoc analysis indicated that the CHI animals performed poorly relative to sham animals two days following the trauma but on the third and subsequent days their performance was indistinguishable from the sham animals ( Figure 2) .
In addition to the expected day and trial effects for Experiment 2, there was a statistically significant three- 
Effects of Pregnancy and Mothering
A four-way ANOVA for escape latency with two within levels (days and trials) and two between levels (rank of post impact behaviour and motherhood) did not reveal statistically significant main effects for rank or motherhood. There were significant differences between trials No other statistically significant interactions were observed. Post hoc analysis indicated that motherhood following mild stunning from a CHI interacted deleteriously for the first performances during the first trial of the successive days of testing ( Figure 5 ).
An ANOVA for escape latency (after the data were transformed into percentages to accommodate individual differences by dividing each trial by 120 and multiplying by 100) with two levels repeated (trials by sessions) and two levels not repeated (breeding and level of stun) did not show main effects (p > 0.05) for rank, motherhood, or trials. There were main effects for days [ . Post hoc analysis indicated that rats that had a CHI but were mildly or not stunned performed worse than the sham group on day 4 ( Figure 6) . The results of the probe tests did not reveal any statistically significant difference between rats that had sustained the mechanical impact or the controls for any of the four experiments.
The females that had sustained the mechanical impact did not differ significantly (all dfs = 1,15, Fs < 0.5) from control females with respect to the latencies of birth (M = 25.7 days, SD = 4.6 days), total numbers of pups per litter (M = 13.7, SD = 3.5), the numbers of males (M = 7.3, SD = 2.6), or the numbers of females (M = 6.4, SD = 2.9) per litter. However litter sizes were significantly correlated with escape latencies for the second trial on day 6 were (due to numbers of females, rho = 0.65) while this correlation on the third trial on day three was due to the numbers of males (0.43).
Histological Analyses
Even though not all rats showed obvious post-concussive behaviors (such as stunning), the brain of every rat that received the mechanical impact to the dorsal right skull showed the same type of scattered neurons with shrunken soma within the (primarily) right cerebral cortices and the limbic structures. However the total area of these interspersed shrunken somas varied. Only two of 12 rats showed one small area of conspicuous, circumscribed neuronal dropout and gliosis typical of ischemic damage. Only one rat showed a cystic lesion in the temporal lobe (much like the "burst lobe" phenomena) and massive, dense accumulation of Nissl and cell debris within the right medial geniculate. This debris was identical to that found in the thalamus several weeks after seizure-induced necrosis within greater than 50% of the neuronal population had occurred [31] . In other words only 16% of the population that sustained impact from the pressure wave displayed the type of histopathology that in human contexts would be revealed by MRI or CT methods. , respectively). There were no other statistically significant differences for the other main effects or the remaining interactions.
Behavioral and Brain Correlates
Specific components of the learning and memory paradigm were correlated with the measures of neurohistology. The relative times required to complete the first trial on each of the six days (defined as the ratio of the value of each first trial per day divided by the mean of the first trials for all six days) were significantly correlated with the area of anomalous neurons within the right dorsal cortices only (see Table 1 ). Partial correlation analyses for the first trials for the second and third days of testing showed the association remained significant (partial rs = 0.70 and -0.55) even after the shared variance with the area of anomalous cells in the left dorsal cortices was first removed. To ensure that specific structural effects were not masked by over-inclusion of unrelated structures. Spearman correlations were completed for the areas of anomalous neurons within the left and right amygdala, entorhinal cortices, endopiriform area, piriform area, and temporal cortices and the relative latencies for the first trials. The only significant correlation was between the area of anomalies within right endopiriform area (0.66) but not the left (0.30) and relative latency for the first day only and between the right amygdala (0.68, p < 0.05) but not the left amygdala (0.02) and the relative latency for the first trial for the second day only.
Discussion
Our hypothesis that rats who sustained "mild" closed head injuries, often associated with no obvious immediate clinical symptoms, would perform poorly on the hidden platform MWM was supported. However the relationship between complex behaviours and "mild" brain injury changed over time as a function of trials and the regions of the brain involved with these transitions. Our results suggest that the effects of mild CHI are most noticeable when rats are exposed to a novel environment after the trauma. If the rats behave for a considerable time in that context, their deficits diminish. CHI rats required on average three days to improve and perform similarly to the sham animals in the Morris Water Maze (MWM). Similar cognitive slowing but within longer time frames has been reported for humans after a CHI [32] .
The MWM is a hippocampal-dependent task that is sensitive to lesions of the hippocampus and cortex [8, 33] . The parietal cortex is involved with proximal cues while the hippocampus is involved with processing both proximal and distal cues. Studies have shown that D 1 dopamine, β adrenergic, and muscarinic receptors enhance and 5HT 1A receptor inhibit retrieval of inhibitory avoidance in the hippocampus as well as the entorhinal, posterior parietal and anterior cingulate cortices [34] . Lesions of the right parietal lobe in rats interfere with spatial memory acquisition and consolidation [35] . Although no obvious cellular anomalies were observed in the hippocampus itself, it may be possible that the mild impact induced functional lesions whose resolutions were beyond the scope of measurements employed in this study. Indeed studies have shown that the hippocampus appears to be very sensitive to a wide variety of CNS insults [36] [37] [38] [39] [40] [41] .
In addition to the parietal cortices, "neuropathology" was observed as well in the amygdala and the piriform, perirhinal, endopiriform parietal and entorhinal cortices. The cytometric alterations were consistent with dormancy-like processes. It may be relevant that the very local forces from the pressure wave of ~3 to 20 kPa generated by the mechanical impact in this study would be within the range of adhesion forces (nN/µm 2 ) between cells that trigger signalling molecules within the cell [42] . Some neurons were characterized by shrunken somas and nuclei as assessed through light microscopy (40×, 100×, 400×). Although areas of shrunken soma were observed bilaterally, the largest areas were most concentrated in the right hemisphere (under the impact site) both dorsally and ventrally. All of these areas play a crucial role in spatial memory. For example, in rats the entorhinal cortex plays a role in modulating attention to cues in the MWM paradigm [43] . The connection between the lateral entorhinal and the perirhinal cortices may provide access to prefrontal areas involved in attention [43, 44] . The posterior parietal cortex is involved in visuospatial orientation [43, 44] .
Other researchers have hypothesized that the cognitive deficits may be due to heightened anxiety and stress levels in the animals produced by being exposed to a novel environment after the trauma [45, 46] . After habituating to that environment (which our data shows takes on average 3 days), the CHI animals could perform similarly to the sham animals. Indeed studies with humans have shown that concussed patients performed poorly on the PASAT (paced auditory serial addition task) relative to controls when the information was presented at a fast rate. When the information was presented slowly the concussed and controlled groups performed similarly leading McMillian & Glucksman [45] and Shaw [46] to suggest that the patients' cognitive deficits were due to abnormal elevations in stress and anxiety levels rather than due to residual organic lesions. Because concussion may result in cognitive slowing, it may be that presenting the PASAT at a slow rate allows the patient to become familiar with the material and assimilate it efficiently.
Another syndrome that has been observed in our model of traumatic brain injury is emotionality. In unpublished studies we have found that CHI female rats exhibited enhanced emotionality when exposed to a contextual fear condition paradigm after the trauma but not when they were exposed to it before the trauma. It may be that the trauma generates sensory-limbic hyperconnections that result in heightened emotional reactivity to normally neutral stimuli or context [47] [48] [49] [50] [51] .
Pregnancy and rearing of offspring following a mechanical impact with no stunning or stunning of <30-sec interacted deleteriously. Relative to the stunned CHI and sham animals, this group displayed lengthy escape latencies. It seems that the neurophysiological processes associated with no stunning inhibited rats' normal behaviour in the MWM after a CHI. Current results are consistent with our previous findings that the rats exhibiting no stunning after an impact lost as much weight as those that did display stunning after the impact. It may be relevant that in our clinical populations those patients who sustained an impact to the skull without suspension of consciousness developed significantly more epileptic-like experiences and symptoms that complicated their life difficulties during the subsequent three years than those whose were unconscious for more than 10 min.
Conclusion
Often individuals with mild CHI are misdiagnosed because many professionals employ criteria that brain injury requires a loss of consciousness or Glasgow Coma Scale scores of 10 or less. The results of our studies suggest these patients may actually sustain covert "brain damage" manifested by scattered shrunken neurons that without concomitant oedema would not be evident on MRI or CT scans. These people would be expected to display slowed information processing and the presence of post-traumatic stress disorders, post concussive syndrome, and personality changes. Our data suggest that individuals who sustain mechanical pressure waves to the skull and exhibit mild or no stunning should be accommodated with the same concern as those who displayed a conspicuous loss of consciousness.
